Urocortin 3 into the ventromedial hypothalamus modulates feeding, blood glucose levels, and hypothalamic POMC gene expression but not the HPA axis. Am J Physiol Endocrinol Metab 298: E337-E345, 2010. First published December 1, 2009; doi:10.1152/ajpendo.00402.2009.-Urocortin 3 (Ucn 3) is a corticotropin-releasing factor (CRF)-related peptide with high affinity for the type 2 CRF receptor (CRFR2). Central administration of Ucn 3 stimulates the hypothalamic-pituitary-adrenal axis, suppresses feeding, and elevates blood glucose levels, suggesting that activation of brain CRFR2 promotes stress-like responses. Several CRFR2-expressing brain areas, including the ventromedial hypothalamus (VMH) and the posterior amygdala (PA), may be potential sites mediating the effects of Ucn 3. In the present study, Ucn 3 or vehicle was bilaterally injected into the VMH or PA, and food intake and plasma levels of ACTH, corticosterone, glucose, and insulin were determined. Food intake was greatly reduced in rats following Ucn 3 injection into the VMH. Ucn 3 injection into the VMH rapidly elevated plasma levels of glucose and insulin but did not affect ACTH and corticosterone secretion. Injection of Ucn 3 into the PA did not alter any of the parameters measured. We determined that the majority of CRFR2-positive neurons in the VMH were excitatory glutamatergic, and a subset of these neurons project to the arcuate nucleus of the hypothalamus (ARH). Importantly, stimulation of CRFR2 in the VMH increased proopiomelanocortin mRNA expression in the ARH. In conclusion, the present study demonstrates that CRFR2 in the VMH mediates some of the central effects of Ucn 3, and the ARH melanocortin system may be a downstream target of VMH CRFR2 neurons.
UROCORTIN 3 (Ucn) 3 is a member of the CRF peptide family identified in humans and rodents (20, 31) . It displays high affinity for the type 2 CRF receptor (CRFR2) with minimal affinity for the type 1 CRF receptor (CRFR1) (20, 31) . Thus Ucn 3 has been considered as an endogenous ligand for CRFR2. In the brain, Ucn 3-expressing neurons are located primarily in the hypothalamus and the amygdala (31, 33) . Within the hypothalamus, the majority of Ucn 3-positive neurons are found in the rostral part of the perifornical area with moderate levels of Ucn 3-positive cells found in the median preoptic nucleus (33) . Ucn 3-immunoreactive nerve fibers and terminals are distributed mostly in the forebrain areas, including the hypothalamus and limbic system, where prominent Ucn 3 fibers are found in the lateral septum, amygdala, and the bed nucleus of stria terminalis (BNST) (33) . In the hypothalamus, Ucn 3 fibers predominately innervate the ventromedial nucleus (VMH), with moderate levels of innervation found in medial preoptic area and the ventral premammillary nucleus (33) . These anatomical features suggest that central Ucn 3 may be involved in multiple physiological and behavioral regulations.
Similar to other members of the CRF family, central administration of Ucn 3 results in a number of effects that are often associated with stress responses. These effects include suppression of feeding (14, 39, 43) , stimulation of sympathetic nervous system (SNS) activity and elevation of blood glucose levels (22) . Infusion of Ucn 3 into rat brains has been shown to stimulate the hypothalamo-pituitary adrenal (HPA) axis to elevate levels of plasma ACTH and corticosterone (22) , although this effect is less pronounced in mice (43, 56) . On the other hand, central injection of Ucn 3 does not induce stresslike behaviors (39, 43, 56) . The lack of behavioral effects of Ucn 3 suggests that CRFR2 in the brain plays a role in mediating autonomic aspects of stress-associated responses. Several brain areas, including the VMH and the posterior part of the amygdala (PA) may potentially mediate the effects of Ucn 3 as these areas express high levels of CRFR2 (6) and receive Ucn 3 innervation (33) . The VMH has been shown to play an important role in the regulation of feeding (1, 3, 5, 18, 23, 29, 49) , SNS activity (26) , blood glucose levels (48, 50) and the HPA axis activity (52) . Importantly, activation of CRFR2 in the VMH has been shown to suppress feeding in several animal models (14, 40) . Furthermore, a study by McCrimmon et al. (36) showed that injection of CRF and related peptides into the VMH blunted the hypoglycemiainduced counterregulatory response and elevated plasma corticosterone levels 60 min after the injection. This supports a potential role of CRF receptors in the VMH in glucose homeostasis and HPA hormonal secretion. However, it remains to be determined whether stimulation of CRFR2 in the VMH has an acute effect in modulating blood glucose levels and/or HPA hormone secretion. To address this issue, we determined the time course of plasma glucose and hormone levels in animals receiving bilateral Ucn 3 injections into the VMH. In addition to VMH, the PA has been linked to the regulation of appetite and HPA axis activity (11, 27, 28, 46) , raising the possibility that CRFR2 in the PA may mediate effects of Ucn 3 in the brain. In the present study, we examined this question using site-specific injection of Ucn 3 into the PA to determine effects on food intake and plasma levels of glucose and hormones indicative of stress and metabolic status.
Although the mechanism by which VMH regulates energy homeostasis remains to be fully appreciated, recent research suggests a novel link between the VMH and the arcuate nucleus of the hypothalamus (ARH). Using a sophisticated electrophotostimulation technique, Sternson et al. (51) has shown that the VMH provides a direct excitatory afferent input to proopiomelanocortin (POMC) neurons in the ARH, suggesting that POMC neurons are a downstream target of VMH. ARH POMC neurons have been recognized as a key anorectic system in the brain (12) , and these neurons also play an important role in regulating blood glucose levels (19, 41, 57) . It is conceivable that activation of CRFR2 neurons in the VMH leads to stimulation of ARH POMC neurons, which in turn regulate feeding and glucose homeostasis. Two anatomical studies were carried out to address this possibility. First, a double label in situ hybridization was performed to simultaneously detect mRNAs for CRFR2 and vesicular glutamate transporter isoform-2 (VGLUT2), a marker for glutamatergic neurons (16, 17, 53) , to determine if CRFR2 is expressed in excitatory glutamatergic neurons in the VMH. Second, retrograde tracing was used to determine whether CRFR2 neurons in the VMH project to the ARH. Finally, POMC mRNA levels in the ARH were examined by in situ hybridization in rats following bilateral VMH or PA injection of Ucn 3 or vehicle to assess whether activation of CRFR2 in these regions by Ucn 3 stimulates POMC gene expression in the ARH.
MATERIALS AND METHODS

Animals.
Male adult (300 -350 g) Spraque-Dawley rats (Charles River, Hollister, CA) were group-housed in a 12:12-h light-dark cycle (lights on 0600) humidity-and temperature-controlled vivarium (22°C) with standard rodent chow and water available ad libitum. Animals were acclimated to the vivarium for 1 wk before experiments and handled during the week before the start of testing. Surgical and experimental procedures were approved by the Institutional Animal Care and Use Committee of The Salk Institute.
Cannulation. Rats were anesthetized with rodent cocktail and placed in a stereotaxic apparatus. For VMH cannulation, a doubleguide cannula (28 gauge; center-to-center, 1.0 mm; tubing length below pedestal, 9.6 mm; Plastics One, Roanoke, VA) was inserted near the VMH [coordinates: 3.3 mm caudal, 0.5 mm lateral to bregma, and 8.4 mm ventral to the dura, according to the atlas of Paxinos and Watson (42) ]. The guide cannula was secured to the skull with acrylic dental cement and anchored with stainless-steel bone screws. A dummy cannula with tip extending 0.5 mm below the guide cannula was inserted in the guide cannula to maintain patency until the time of injections. An additional group of rats received bilateral cannulation in the posterior part of the amygdala (PA). The procedure was similar to VMH cannulation except that two single cannulas were implanted in each site of the PA (coordinates: 3.6 mm caudal, 3.8 mm lateral to bregma, and 9.4 mm ventral to the dura). Rats were handled daily during the recovery period, and only animals displaying normal food intake and weight gain after surgeries were used. At the end of experiment, brains were sectioned to determine the placement of cannulas. As shown in Fig. 1 , only animals with the tip of the cannula located near the dorsomedial part of the VMH were included in the analyses.
Effect of Ucn 3 on plasma insulin, glucose, ACTH, and corticosterone levels. Before the experiment (2 days), jugular vein catheters (PE-50; Becton Dickinson, Sparks, MD) were inserted into the right atrium of the rats under light halothane anesthesia. The catheter was filled with sterile heparinized saline, passed through a subcutaneous tunnel, and exteriorized at the back of the neck. After the catheterization, rats were housed in individual cages. Rats were fasted over- night before the experiment. On the day of the experiment, the rats were transferred to opaque sampling cages, and the jugular vein catheter was connected to a sampling tube to allow for remote sequential blood sampling. After a period (2-3 h) of acclimation, experiments were started at 0900 -1000. A blood sample was collected before the start of the treatment. Ucn 3 (0.1 nmol in 0.4 l per side per animal, n ϭ 8) or vehicle [0.4 l double-filtered sterile artificial cerebrospinal fluid (aCSF; n ϭ 8)] was injected into the VMH or PA of rats through an internal cannula (32 gauge; tip extended 0.5 mm below the guide cannula) that was connected via PE-50 tubing to a Hamilton syringe. Solutions were manually injected over a 1-min period, and then the internal cannula remained in situ for 1 min after the injection. Blood samples were collected at 5, 15, 30, 60, 120, and 240 min following the injection. The samples were immediately centrifuged and stored at Ϫ80°C until assay for glucose and hormones. After the experiment, animals were returned to home cages and were allowed to recover for 10 days before the feeding study. Plasma insulin (Linco, St. Louis, MO), ACTH (Nichols Institute Diagnostics, San Juan Capistrano, CA), and corticosterone (MP Biomedicals, Solon, OH) levels were determined using commercial immunoassay kits, and plasma glucose levels were measured by Trinder assay (Sigma, St. Louis, MO).
Effect of Ucn 3 on food intake. Rats were remotely injected in the VMH or PA at 15 min before lights off with mouse Ucn 3 (0.1 nmol in 0.4 l per side per animal; n ϭ 8) or aCSF (n ϭ 8). Immediately after the injections, preweighted rat chow was placed in cages. The dose of Ucn 3 used was based on literature reports as causing a maximal suppression of food intake when given intracerebroventricularly or directly in specific brain nuclei (14) . Food and water intake was measured 2 and 4 h after injection. At the completion of the experiment, animals were euthanized, and the brains were collected and stored at Ϫ80°C.
Retrograde tracer injection. Animals were anesthetized and placed in a stereotaxic apparatus. A glass micropipette with a tip diameter of 25-35 m was filled with a retrograde tracer, fluorogold (FG, 2% wt/vol, in physiological saline), and inserted in the main portion of the ARH, an area containing a high density of POMC neurons. Injection coordinates were 3.2 mm caudal, 0.25 mm lateral to the bregma, and 9.75 mm below the dura, according to the atlas of Paxinos and Watson (42) . FG was injected by iontophoresis with 2 A current and pulsed at 7-s intervals for 10 min. The glass pipette was left in situ for an additional 10 min to avoid the spread of tracer along the pipette track. Animals were perfused with fixation 7 days after the injection. Brains were removed and sectioned. Animals with an injection site near the target area (n ϭ 5) were used for combined immunohistochemistry and in situ hybridization to visualize FG and CRFR2 mRNA simultaneously.
In situ hybridization. For POMC mRNA, rat brains were sectioned into one-in-four 20-m coronal sections with a cryostat. POMC cRNA probe was transcribed from linearized POMC cDNA as template in the presence of the 35 S-labeled UTP (Perkin Elmer, Boston, MA). The specific activity of the probe ranged from 1 to 5 ϫ 10 5 cpm/l of hybridization buffer. The brain sections were fixed in 4% paraformaldehyde, treated with a fresh solution containing 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0), followed by a rinse in 2X saline-sodium citrate buffer (SSC), dehydrated through a graded series of alcohol, delipidated in chloroform, rehydrated through a second series of alcohol, and then air dried. The slides were exposed to POMC cRNA probe overnight in moist chambers at 55°C. After the incubation, the slides were washed in SSC with increasing stringency, in RNase A, in 0.1X SSC at 60°C, and dehydrated through graded series of alcohol and dried. Slides were dipped in NTB emulsion (Kodak, New Haven, CT), exposed for 7 days at 4°C, and developed. Following development, the slides were counterstained with creysl violet to identify anatomical landmarks.
Single label in situ hybridization for VGLUT2 mRNA was first performed using cRNA probes described by Fremeau et al. (16) to validate the cRNA probe for detecting VGLUT2 mRNA (data not shown). Double-label in situ hybridization for CRFR2 and VGLUT2 mRNAs was performed as previously described (7) . Briefly, VGLUT2 cRNA probe was labeled with digoxigenin-UTP (Roche Diagnostics, Indianapolis, IN). CRFR2 cRNA probe was labeled with [ 33 P]UTP. The concentration of digoxigenin-labeled VGLUT2 cRNA in the hybridization mixture was 0.1 g/ml. The slides were exposed to the mixture of VGLUT2 and CRFR2 cRNA probes in moist chambers for 15 h at 55°C. After incubation and posthybridization washes, slides were incubated in alkaline phosphatase (AP)-conjugated goat antidigoxigenin antibody (1:1,000; Roche Diagnostics) overnight at 4°C. The AP complexes were visualized with a mixture of nitroblue tetrazolium and 5-bromo-4-chloro-3-inodyl phosphate toluidinum. Slides were then dipped in 3% parlodion followed by NTB emulsion, exposed for 14 days at 4°C, and developed.
For double-label immunohistochemistry and in situ hybridization to detect FG and CRFR2 mRNA, rat brain sections were rinsed in 0.05 M potassium phosphate-buffered saline (KPBS) followed by treatment with 1% NaBH4-KPBS solution. Sections were incubated with FG antibodies raised in rabbit (1:30,000; Millipore) in KPBS with 0.4% Triton X-100 at room temperature for 1 h, followed by 4°C for 48 h. After incubation, sections were rinsed in KPBS and incubated in biotinylated donkey anti-rabbit IgG (1:600; Jackson Immunoresearch) in KPBS with 0.4% Triton X-100 for 1 h at room temperature, followed by a 1-h incubation at room temperature in avidin (A)-biotin (B) complex solution (4.5 l of A and B each/ml of KPBS-0.4% Triton X-100; Vectastain ABC Elite Kit; Vector Laboratories). The antibody-peroxidase complex was visualized with a mixture of 3,3-diaminobenzidine (0.2 mg/ml) and 3% H2O2 (0.83 l/ml) in 0.05 M Tris buffer-saline solution. Following FG staining, brain sections were washed with KPBS and exposed to [ 33 P]UTP-labeled CRFR2 cRNA probe overnight in moist chambers at 55°C. Sections were then washed, mounted on gelatin-coated slides, and dipped in NTB emulsion. The slides were exposed for 10 days at 4°C and developed.
Results were examined and captured by a Nikon 80i microscope coupled with a QImaging CCD camera (BioVision, Exton, PA). Images were analyzed and quantified with iVision software (BioVision). VGLUT2-CRFR2 double-labeled cells in the VMH were identified and counted. A VGLUT2-labeled neuron was considered to be double-labeled with CRFR2 if the number of silver grains over the cell was greater than three times the background level.
Statistical analysis. All values are expressed as means Ϯ SE. Statistical analysis of data was performed using one-way ANOVA, or two-way ANOVA on repeated measures with time and treatment as the factors, followed by Scheffé's F post hoc test. P Ͻ 0.05 was accepted as statistically significant.
RESULTS
Effect of Ucn 3 in the VMH on plasma hormones and glucose levels. Ucn 3 injection in the VMH significantly elevated blood glucose levels 5 min after injection compared with controls. Glucose levels remained elevated at 30 min after the injection and gradually returned to basal levels ( Fig. 2A) . Ucn 3 administered in the VMH elicited a small increase in plasma insulin levels 15 min after the injection compared with control animals (Fig. 2B) .
Injection of either vehicle or Ucn 3 in the VMH induced a small increase in plasma ACTH and corticosterone (Fig. 2, C and D) compared with the pretreatment baseline levels, but no significant differences were found between Ucn 3 and vehicletreated animals.
Effect of Ucn 3 in the VMH on food intake. Ucn 3 or vehicle was administered to the VMH bilaterally before night-time feeding. As shown in Fig. 3 , rats treated with Ucn 3 ate significantly less compared with vehicle-treated rats. The suppression was most significant in the first 2 h following injection. The later half of the food intake was also attenuated, albeit not statistically significant. Total accumulated food intake during the 4-h postinjection period was significantly less in Ucn 3-treated rats compared with the vehicle controls.
Effect of Ucn 3 injection in the VMH on POMC expression in the ARH. Analysis of POMC mRNA content in the ARH revealed that POMC mRNA levels were significantly elevated in the ARH of rats treated with Ucn 3 compared with the vehicle control (Fig. 4) . The increase in POMC mRNA in response to the injection of Ucn 3 in the VMH was observed throughout the ARH.
Colocalization of CRFR2 and VGLUT2 mRNAs in the VMH.
To determine if CRFR2-positive neurons in the VMH are excitatory neurons, double-labeled in situ hybridization was performed to simultaneously visualize mRNAs for CRFR2 and VGLUT2, a marker for glutamatergic cells. As shown in Fig.  5 , both VGLUT2 mRNA and CRFR2 mRNA hybridization signals were observed in the VMH. The two materials had a slightly different pattern of distribution within the nucleus. Whereas VGLUT2 mRNA signals were observed throughout the VMH (Fig. 5A) , CRFR2 mRNA signals were found mostly in the dorsomedial and central divisions of the VMH, with only a few scattered signals found in the ventrolateral part of the nucleus (Fig. 5B) . Semiquantitative analysis showed that nearly all CRFR2 mRNA-positive neurons found in the VMH also expressed VGLUT2 mRNA (Fig. 5, C and D, and Table  1 ). CRFR2 mRNA-positive cells are clearly a subpopulation of VGLUT2 neurons in the VMH, as many VGLUT2 neurons in the central and ventrolateral divisions of the VMH did not express CRFR2 mRNA and overall 38% of VGLUT2 cells in the VMH expressed CRFR2 mRNA (Table 1).
Afferent input to the ARH from CRFR2 neurons in the VMH. A retrograde tracing experiment was conducted using FG as the tracer to determine if CRFR2 neurons in the VMH project directly to the ARH. Only animals with an FG injection site in the ARH were included for the colocalization study. As shown in Fig. 6A , the unilateral injection of FG was mostly confined to the region of the ARH. Abundant FG-positive neurons were observed in the VMH, especially in the dorsomedial portion of the nucleus (Fig. 6B) . A few scattered FG-positive cells were also noted in the ventrolateral division of the VMH (Fig. 6B) . Most of the FG-positive neurons in the dorsomedial part of the VMH were also CRFR2 mRNA-positive (Fig. 6, D and E) , Fig. 2 . Effect of Urocortin 3 (Ucn 3) injection into the VMH on plasma levels of glucose (A), insulin (B), ACTH (C), and corticosterone (D). Note that both vehicle and Ucn 3 injection resulted in a small elevation of ACTH and corticosterone levels compared with the baseline levels (time 0). *P Ͻ 0.05 vs. vehicle control. Fig. 3 . Food intake of rats receiving VMH injection of Ucn 3 or vehicle. Ucn 3 or vehicle was injected into free-moving rats 15 min before the lights were turned off, and food intake was monitored for 4 h. Ucn 3-injected rats ate significantly less than vehicle-treated rats in the first 2 h after the injection; total food intake measured during the 4-h postinjection period was also reduced. *P Ͻ 0.05 vs. vehicle control.
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indicating that CRFR2 neurons in the VMH provide direct afferent input in the ARH. In addition to FG/CRFR2 doublelabeled neurons, noticeable single-labeled CRFR2 hybridization signals were also observed in the dorsomedial part of the VMH (Fig. 6, D and E) .
Effect of Ucn 3 injection in the PA. Bilateral injection of Ucn 3 in the PA did not affect plasma levels of hormones (ACTH, insulin, corticosterone) and glucose, food intake, and POMC gene expression in the ARH compared with vehicle controls (data not shown).
DISCUSSION
Central Ucn 3 injection in the brain has been shown to induce a number of physiological responses, including suppression of appetite, stimulation of the HPA axis, and elevation of blood glucose levels (22, 29, 43) . In the present study, site-specific injection was used to investigate possible regions that mediate the effects of Ucn 3 in the brain. Ucn 3 injection into the VMH, but not into the PA, significantly suppressed feeding and rapidly elevated blood glucose levels compared with vehicle controls. Ucn 3 did not alter ACTH or corticosterone levels compared with the controls, regardless of the injection site. These results argue that CRFR2 in the VMH mediates the effect of Ucn 3 on feeding and glucose homeostasis. The effect of Ucn 3 on HPA axis activity may be mediated by other CRFR2-positive brain areas. A number of CRFR2-expressing areas, including the paraventricular nucleus of hypothalamus (PVH), are potential sites for this regulation.
The present study confirms earlier reports (14, 40 ) that activation of CRFR2 in the VMH suppresses food intake, indicating that CRFR2 in this brain nucleus plays an important role in modulating feeding. Importantly, the hypophagic effect is specific to VMH CRFR2, since stimulation of CRFR2 in other brain areas, including the PA (present study) and the PVH (40), does not modify food intake. Although the exact role of the VMH in regulating feeding has been controversial (26) , recent studies have redefined the importance of this brain nucleus in feeding. Mice deficient in steroidogenic factor-1, a transcription factor expressed predominately in the VMH, have abnormal VMH development and are obese (35) . Leptin receptor (13), glucokinase (24, 34) , and ATP-sensitive K channel (2, 37) are also expressed in the VMH, allowing VMH neurons to sense peripheral metabolic signals. Similar to Ucn 3, injection of leptin directly in VMH significantly suppresses feeding (21) . Moreover, gene knockout studies have shown that deletion of leptin receptor in the VMH leads to hyperphagia and obesity (4, 9) . The present work not only confirms that the VMH mediates the hypophagic effect of Ucn 3, but also reinforces the notion that the VMH is a critical brain area in regulating feeding and energy balance.
In addition to the modulation of feeding, extensive studies have demonstrated that the VMH plays an important role in glucose sensing and glucose homeostasis (25, 47) . Consistent with this notion, Ucn 3 injection into the VMH results in a rapid elevation of plasma glucose levels. This indicates that the VMH is a downstream target of Ucn 3 in regulating blood glucose levels. The rapid hyperglycemic effect of Ucn 3 is likely due, at least in part, to activation of SNS activity, since central injection of Ucn 3 has been shown to elevate plasma epinephrine and noriepinephrine levels (22) . In the VMH, two major classes of glucose-sensitive neurons have been identified (24, 25, 34) : glucose-excited (GE) neurons increase neuronal activity in response to increased levels of glucose, whereas glucose-inhibited (GI) neurons decrease neuronal activity in response to elevated levels of glucose. It has been suggested that GE neurons are involved in inhibiting, whereas GI neurons are involved in enhancing, sympathetic activity (30) . Taken together, it is conceivable that CRFR2 is expressed in GI neurons, and activation of CRFR2 by Ucn 3 stimulates sympathetic system activity and subsequently elevates blood glucose levels. This is supported by a preliminary study in which electrophysiological recordings showed the neuronal activity of CRFR2-positive neurons in the VMH was suppressed by high glucose concentrations (10) .
In contrast to the rapid hyperglycemic effect observed in the present study, McCrimmon and coworkers (36) have shown that, under insulin-induced hypoglycemia, injection of urocortin peptides into the VMH blunted hypoglycemia-induced secretion of glucagon and epinephrine and reduced the elevation of blood glucose levels in response to hypoglycemia. This report concludes that, under hypoglycemic conditions, activation of CRFR2 in the VMH has an inhibitory effect on the hypoglycemia-induced counterregulatory response by suppressing secretion of glucagon and epinephrine. It should be noted that their work was conducted under constant hypoglycemia induced by insulin infusion while animals in our study were normglycemic. Moreover, McCrimmon et al. (36) measured the plasma levels of glucagon and epinephrine 60 min after the injection of urocortins into the VMH while we observed rapid elevation of blood glucose levels from 5 to 30 min after Ucn 3 injection into the nucleus. Present and previous studies indicate that VMH CRFR2 signaling is closely involved in the central regulation of glucose homeostasis and its function may be context and time dependent. Clearly, more investigations are needed to resolve this issue.
The present study demonstrates that Ucn 3 injection into the VMH results in a small elevation of plasma insulin levels compared with vehicle controls. Acute electrical or chemical stimulation of VMH neurons in most cases did not significantly modify plasma levels of insulin (8, 48, 50) . On the other hand, VMH lesion leads to chronic hyperinsulinemia (44, 45, 54) , and vagotomy attenuates the elevation of insulin levels. These studies suggest that VMH neurons do not acutely modulate insulin secretion, but, under chronic conditions, the VMH plays a profound modulatory role in plasma insulin levels through regulation of parasympathetic outflow. Thus it is likely the acute elevation of insulin secretion observed in the present The functional role of VMH in regulating the HPA axis is less defined. A lesion study suggested that the VMH is involved in glucocorticoid feedback regulation of basal ACTH secretion (52) . In the present study, injection of either vehicle or Ucn 3 in the VMH resulted in a small increase in plasma ACTH and corticosterone compared with pretreatment baseline levels. A similar vehicle effect of the VMH on corticosterone has been reported elsewhere (38) . The levels of ACTH and corticosterone induced by both vehicle and Ucn 3 injection are small compared with that induced by central CRF peptides injection or restraint stress (22) . These results suggest CRFR2 in the VMH does not play a major role in stimulating HPA axis and corticosterone secretion. It has been shown that microinjection of CRF, Ucn 1, and Ucn 2, but not Ucn 3, into the VMH results in an elevation of plasma corticosterone (36) . Both CRF and Ucn 1 bind CRFR1 with high affinity. Ucn 2 at high concentrations has been shown to activate cAMP production via CRFR1 (31) . On the other hand, Ucn 3 has minimal affinity for CRFR1 and does not activate adenylate cyclase in cells expressing CRFR1 (31) . It is plausible that CRFR1, but not CRFR2, in the VMH is involved in modulating the HPA axis.
CRFR2 is expressed in the PA (6, 55) . In the present study, bilateral injection of Ucn 3 in the PA fails to modify any of the parameters measured. Although the amygdala has been suggested to play a role in the regulation of feeding and the HPA axis, our results do not support a role of CRFR2 in this area in regulating feeding, blood glucose levels, and the HPA axis. A recent study has shown that social defeat stress activates amygdaloid neurons that express CRFR2 (15) , suggesting CRFR2 neurons in the amygdala may be involved in stressassociated behaviors.
The detailed mechanism and neurocircuit by which VMH neurons regulate feeding and blood glucose levels remains to be determined. A recent study by Sternson and coworkers (51) suggests that anorectic POMC neurons in the ARH are a direct downstream target of the VMH (51). Using a sophisticated electrophotostimulation technique, Sternson et al. (51) showed ARH POMC neurons receive direct excitatory stimulation from neurons in the medial part of the VMH. In contrast, the orexigenic neuropeptide Y neurons in the ARH receive no direct input from the VMH and only weak inhibitory input from within the ARH. The present studies determined that the majority of CRFR2 in the VMH is expressed in excitatory glutamatergic neurons. Using retrograde tracing, we demonstrate CRFR2 neurons in the VMH provide direct afferent input into the ARH. It is noteworthy that FG injection in the ARH labeled approximately half of the CRFR2 neurons in the dorsomedial part of the VMH, suggesting that a subpopulation of CRFR2 neurons in the VMH project to the ARH. Alternatively, the number of CRFR2 neurons labeled by the retrograde tracer may be proportional to the amount deposited in the ARH. In the present study, the tracer was delivered in the ARH by iontophoresis with a small current (2 A) to limit the spread of FG outside of the nucleus. This might result in partial labeling of neurons in the VMH that project to the ARH.
In the present study, we also show that activation of CRFR2 in the VMH by Ucn 3 results in elevation of POMC mRNA levels compared with vehicle-treated rats. This finding, together with the anatomical data, extends earlier reports by identifying the origin (VMH CRFR2/VGLUT2-positive neurons), ending (ARH POMC neurons), and neurochemical phenotype (glutamatergic) of the VMH excitatory input to ARH. Recently, we identified Ucn 3-positive neurons residing in the posterior part of the BNST and the medial amygdala as major Ucn 3 afferent inputs to the VMH (32) . Importantly, Ucn 3 expression in these two areas was suppressed by fasting (22 and Li, unpublished observations). Consistent with this observation, the strength of VMH excitatory input to POMC neurons is diminished by fasting (51) . Taken together, these data suggest a novel Ucn 3 neural circuit involving VMH CRFR2 neurons and ARH POMC cells in the regulation of appetite and blood glucose levels.
In conclusion, the present work shows that the VMH is a target of Ucn 3 in modulating food intake and blood glucose levels. Activation of CRFR2 in the VMH is not required for central Ucn 3-induced ACTH and corticosterone secretion. CRFR2 neurons in the VMH are glutamatergic and project to the ARH. Activation of CRFR2 in the VMH by Ucn 3 results in an increase of POMC mRNA levels in the ARH, thus suggesting that ARH POMC neurons are a potential downstream target of CRFR2 neurons in the VMH.
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